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IIHRODUCTION 
Problem Statement 
This thesis is the result of a study undertaken at the request of 
the South Dakota Department of Transportation (SDDOT) to determine the 
probable cause of a specific type of cracking that was observed in a 
series of reinforced concrete box girder bridges. The cracking con­
sists of horizontal cracks through the end diaphragms of the girder 
and horizontal cracking over the interior bents. Typical crack pat­
terns obtained from information supplied by the SDDOT are shown in 
Figure 1. 
Historical Background 
Table 1 contains a list of the bridges included in the study. 
As can be seen from Table 1, these bridges were completed during the 
period 1958 through 1961. All but one of the structures is located 
along Interstate 29 (I-29) between Sioux Falls and Sioux City in 
South Dakota. The exception, bridge number 52 436 289, is located 
along I-90 near Rapid City, South Dakota and was not included in 
the study. The bridge numbers are the bridge inventory numbers used 
by the SDDOT. The first two digits of the bridge numbers, 42, 50, 
52 and 6� represent Lincoln, Minnehaha, Pennington and Union counties 
in South Dakota, respectively. The second and third groups of digits 
in the bridge numbers give the distances east and south, respectively, 
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Figure 1 Typical Crack Patterns at Abutments and Bents from Information Supplied by SDDOT. 
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Table 1 Inventory List of the Structures Included in the Study. 
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from the northwest corner of the county in which the bridge is l ocated 
in units of tenths of miles. Al l but two of the structures included in 
the study carry traffic over I-29. The t1-10 exceptions are twin struc­
tures that carry I-29 traffic over I-229 near Sioux Fal l s. 
Inspections of these structures for which documentation has been 
kept on fil e date back to 1969. The inspections have continued at 
interval s of about two years. The cracks of concern were observed in 
the initial inspectons. 
A conman element to nearl y al l the bridges in addition to the crack­
ing, is that the end abutments appear to have shifted in a transl atory 
mode toward the girders. This movement tends to cl ose the expansion 
joints at the ends of the bridge which subjects the girder to a l oading 
for which it was not designed. 
Structural Detail s 
As can be seen by inspecting Tabl e 1, a typical bridge is a four 
span, four cel l box girder, rigid frame structure, constructed of l ight­
weight concrete. The foundation system consists of concrete pad footings 
poured on timber pil es. Pl an, el evation, and cross section views of the 
girder are shown in Figures 2 and 3. Of the three six foot diameter 
col umns that support the box girder, the center col umn is rigidl y con­
nected to the footing at the l ower end, and the girder at the upper ends. 
The two col umns adjacent to the center one are hinged at their bases and 
rigidl y connected to the girder at their upper ends. The ends of the 
girder are supported on the abutments by rocker shoes which, by design, 
al l ow expansion and contraction to occur. 
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7 
The concrete in the box girder is lightweight concrete which was 
specified to have a 28 day compressive strength of 4000 lb/in2. The con­
crete in the columns and footings is normal weight concrete with a speci­
fied 28 day compressive strength of 4000 lb/in2. Grade 40 steel having 
a minimum yield point of 40,000 lb/in2 was specified for the steel rein­
forcement. 
The general procedure for construction of the girders as specified 
in the engineer's drawings was to pour the bottom flange of the girder, 
then the webs, and finally the top flange. Seven separate pours were 
specified with a minimum elapsed time between pours of 72 hours, 
Project Outline 
The study was conducted in three phases. 
1. An inspection was made of each structure. 
2. A computer model of the abutment was developed to determine 
whether or not the abutment movement could be reasonably ex­
pected of the design. 
3. A computer model of the superstructure was developed to deter­
mine a) whether or not the design loadings would cause over­
stressing in the regions of the girder where the cracking had 
occurred and b) if significant forces were being transmitted 
to the girder through the closed expansion devices which could 
contribute to the cracking. 
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DATA AND METHODS 
Field Observations 
The observations were performed on three separate dates. The high 
temperature on each of those dates was between 95 and 100 degrees fahren­
heit. At those temperatures the structures would have been in a state 
of near maximum expansion. 
No record of 'as built' dinensions could be found; therefore three 
field measurements were required for each side of every abutment to esti­
mate the horizontal translations of the abutments. The distance from the 
abutment backwall to the center of the rocker shoe anchor bolts was 
called measurement "A". Measurement 11 B 11 was taken as the distance be­
tween the end of the girder and the abutment backwa 11. Measurement 11C 11 
was taken from the end of the girder to the center of bearing hetween 
the girder and the shoe. A, B, and C are shown in a sketch at the bottom 
of Table 2. 
An estimate of the rotation of the abutment backwall was obtained 
by measuring the amount by which the wall was out of plumb when compared 
to a four foot carpenters level. With the level held vertically and one 
end touching the wall, the gap between the wall and the level at the op­
posite end was measured. The length of the gap divided by the length of 
the level yields an estimate of the angle of rotation of the backwall. 
A,B,C, and rotation were measured on both sides of the girder at 
each abutment. The average measurement between the two sides of the 
girder at each abutment is given in Table 2. 
Table 2 Averages of Me�surements taken at the Lef3 and Right Sides of the Abutments During the Bridge Inspections. 
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Sketches were made of the crack patterns at the abut�ents and the 
interior bents on each side of the girder. Sketching was chosen as the 
most efficient and accurate means available to the researchers for re­
cording the crack data for study at a later time. Binoculars were used 
to observe the interior bents. Typical observed crack patterns are 
shown in Figure 4. The sketches were later reviewed and the cracks were 
categorized as to number, and whether they occurred in the upper third, 
the middle third, or the lower third of the web. In order for a crack 
to be tabulated it had to be judged to have progressed at least half-way 
through the diaphragm at that particular bent or abutment. The results 
of this analysis are presented in Table 3. Information is listed for 
each bridge as well as totals at abutments, totals at interior bents, 
and totals at each bridge. The numbers in parenthesis indicate the num­
ber of cracks out of the total that occurred in the construction joints 
between the flanges and the web. 
A considerable amount of erosion of the berm at the toe of the abut­
ment was observed at several of the bridges. The berm would tend to 
develop passive earth pressure in resistance to the abutment translations 
which had occurred. The berm configuration is shown in Figure 5. A 
visual estimate of the erosion was made to determine the significance 
of the erosion on the abutment movement. The estimated reduction in 
passive soil pressure at each abutment based on the design berm configu­
ration is given in Table 4. It should be noted that these values are 
very crude indicators, and they are probably accurate only in a relative 
sense. 
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Figure 4 Typical Observed Crack Patterns at Abutnents and Bents Based on Bridge Inspection 
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Table 4 Visual Estimate of the Percent 
Reduction in Passive Soil Pressure. 
Bridge Abutment l Ah,'.tme� 
No. No . 1 No. 5 
50 180 1 89 25 20 
50 178 190 15 15 
l: 2  066 006 15 35 
42 067 006 15 10 
42 065 141 20 
2
0 
64 008 205 20 20 
64 070 287 40 10 
64 080 296 55 55 
64 100 315 65 100 
64 115 330 70 10 
64 120 336 30 30 
64 140 355 so 55 
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E levation measurements were taken at each bent and each abutment 
a long the bridge centerline on nine of the bridges. Again no record of 
' as buil t '  el evatons cou ld  be found; therefore the data col l ected cou ld  
be used onl y  to show rel ative el evations. 
Abutment Anal ysis 
17 
The objective of the abutment anal ysis was to determine what move­
ments the abutment woul d be l ikel y  to undergo when subjected to a l oading 
that coul d reasonabl y  be expected to occur. A further objective of this 
anal ysis was to determine if the abutment movements observed cou ld  be ex­
pected from the way the abutment was designed. If not, possibly  there 
were other factors affecting the abutments that were also affecting the 
behavior of the col umn footings. 
A computer model of the abutment of the four span bridge with end 
spans of 80 feet and middl e  spans of 100 feet was devel oped. The geo­
metry of the abutment is given in Figure 6 .  The forces acting on the 
abutment are the end reaction of the girder, the dead weight of the abut­
ment , and the soil pressure l oading. A diagram of the soil pressure 
l oading is shown in Figure 5. 
The horizontal l oading on the backwal l  of the abutment was assumed 
to be the active soil pressure l oading and the surcharge l oading due to 
the roadway pavement. Rankine ' s  earth pressure theory was used to deter­
mine the soil pressure (1 ) .  The equival ent f luid weight,yf, can be ex­
pressed as 
( 1 )  
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where Yis the unit weight of the soil and KA is the coefficient of active 
earth pressure. 
( 2 )  
The soil was assumed to have an angl e  of internal friction, �, of 30 
degrees and a unit weight of 1 10 l bs/ft3. This resul ts in an equival ent 
fl uid unit weight of 36. 7  l bs/ft3. The surcharge l oading, q , due to 
the pavement was assumed to be 75 l bs/ft2 • The total horizontal force 
pushing the abutment toward the girder wou ld  be 
P = KAqhw + ½'fh
2w ( 3 ) 
where h and w are the height and width, respectivel y, of the abutment. 
For the structure being anal yzed, P = 135 kil opounds (Kips ) .  
In the devel opment of the computer model of the abutment the three 
dimensional prob l em was reduced to a two dimensional one. The geometry 
of the p l ane frame computer model is detail ed in Figure 7. Al though the 
timber pil ing were model ed as singl e  elements, they were assumed to have 
properties of the appropriate number of pil ing acting in paral l el .  An 
individual pil ing was assumed to have an average diameter of 12 inches 
and a modulus of el asticity of 1500 Kips/in2. The abutment sections 
were model ed as wide beams. The concrete was assumed to have a modul us 
of el asticity of 3600 Kips/in2. 
Three areas were expl ored in the study of the behavior of the abut­
ment. The first area studied was the passive soil pressure at the toe 
of the abutment which would  devel op in opposition to the movements which 
have occurred. This was of interest because it had been observed that 










place. To see what effect this might have on the abutment, two limiting 
cases were studied. In the first case passive pressure on the toe of 
the abutment was assumed to be adequate to balance the horizontal compo­
nent of the active soil pressure. The active soil pressure is given by 
equation 3. In the second case the passive soil pressure was reduced to 
zero. 
2 1  
A second area studied was the depth below the abutment of the p lane 
that could be assumed to produce a fixed boundary condition for the 
piling. The actual interaction between the piling and the soil is com­
plicated. It was assumed that since the soil would tend to creep with 
time that one could approximate the behavior of the piling by assuming 
that at some depth the piling could be treated as having achieved a fixed 
boundary condition. This depth was varied from 10 to 40 feet in 10 foot 
increments. 
A third area of interest was the degree of fixation between the 
abutment and the timber piling. In the actual structures the piling ex­
tends one foot into the concrete of the abutment. The degree of rota­
tional restraint that this connection offers is unknown. The limiting 
cases of a rigid connection and a frictionless hinge between the piling 
and the abutment were studied. 
Structural Analysis of the Girder 
The first objective of the structural analysis was to determine if 
the design of the structures is adequate with respect to the specified 
loadings in the regions of the girder where cracking has occurred. The 
second objective was to determine whether or not significant forces could 
be transmitted to the girder through the closed expansion devices which 
could contribute to the cracking. 
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As can be seen by referring to Table 1, four distinct configurations 
of span numbers, span lengths, and deck widths exist in the group of 
bridges considered in this study. The anal ysis concentrated on those 
structures having four spans and decks 34. 3 feet wide. Eleven of the 
fifteen structures are included within this category . The cracking ob­
served in those structures which were not included in the analysis could 
not be distinquished from the cracking observed in the structures which 
were included ; therefore, the development of two more computer QOdels was 
not warranted. 
The cross sectional properties required for the analysis were based 
upon the uncracked concrete area with no allowance for reinforcing steel. 
It is reasonable to use the uncracked section properties in the analysis 
since the primary concern is for the relative stiffnesses of the mem-
bers (2) . Figure 3 gives the general configurations of the cross sections. 
The area of the curb above the level of the roadway surface was neglected. 
The Computer Program 
Analysis of the bridge superstructure was performed with the aid of 
the Structural Design Language ( STRUDL) computer program. STRUDL is a 
general, high level program developed at the Massachusetts Institute of 
Technology for the purpose of solving a wide range of structural engi­
neering problems ( 3) .  The version implemented on the IBM 370/148 computer 
at South Dakota State University is STRUDL-II. 
The analysis portion of the program is based on the stiffness method 
of analysis ( 4) and is applicable to any structure that can be modeled 
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using beam type elements. The stiffness anal ysis assumes smal l displ ace­
ments, conservative forces, and l inear, el astic behavior. First order 
effects of axial , torsional , and bending distortions can be considered 
for the following types of l oads : concentraterl or distributed moments 
and forces; temperature gradients across the depths of members; uniform 
temperature changes; and axial , shear, and rotational displ acements. 
The resul ting forces, moments, displ acements, and rotations will be deter­
mined for any point on the structure which the progra1T1J11er has specified. 
The structure was model ed as a two dimensional frame. The detail s 
of the frame used are given in Figure 8. For a frame anal ysis using 
STRUDL , beams and columns are idealized as line el ements which connect 
into spetified joints. Appropriate cross section and material proper­
ties are assigned to each l ine element. 
The box girder is nonprismatic 1 adjacent to the interior bents. The 
thickness of the webs and bottom flange are tapered l inearl y from each 
face of the interior supports for a distance equal to one quarter of the 
span length. The remaining portions of the girder are prismatic. The 
nonprismatic nature of the girder can be seen by referring back to 
Figures 2 and 3. Each of the nonprismatic portions of the girder was 
modeled by dividing the nonprismatic portion into three prismatic seg­
ments. The increased cross section near . the interior bents was shown to 
cause only a minimal increase in stiffness when compared to a prismatic 
model of the girder. 
1Nonprismatic is defined in this case as a beam of varying cross section. 
CE N TROIIJ OF GIRDER. 
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Consistent with design detail s, the center col umn of the bridge was 
assumed to be compl etely restrained at its l ower end, and the two remain­
ing col umns were assumed to be free to rotate but not transl ate at their 
l ower ends. The expansion shoes at the abutments were assumed to prevent 
onl y vertical motion. 
The computer program uses one dimensional l ine el ements which coin­
cide with the centroids of the actual members to describe the structure. 
The l ine el ement is appropriate when the l ines of action for the support 
conditions of the actual member pass through the centroid of the member. 
However, with a situation such as the one at the interface between the abut­
ment and the end of the girder where the girder is restrained vertical l y  
at its underside and horizontal l y  at its top edge, the l ine el ement with 
a support node at its end shoul d not be used. The reason being that the 
horizontal restraint at the top of the girder induces moment into the 
girder when the girder expands. 
To account for the depth of the girder when simul ating the condition 
of closed expansion devices at the interface between the girder and the 
abutments, two vertical el ements having hig� stiffness val ues were added 
to each end of the girder model . The combined l ength of the two el ements 
was equal to the depth of the girder. The bottom ends of the l ower el e­
ments were supported by the expansion shoes, and the upper ends of the 
upper elements were elestical l y  retrained in onl y the horizontal direction. 
For the condition of open expansion devices, the stiffness val ue for the 
elastic restraint was set equal to zero. 
-MN') ..... ' • - ·  
- -- --· -- - ·-
Joints are located at the points of intersection of the member cen­
troids ; however, STRUDL allows the programmer to specify the size of any 
joint, the result being that the length of the member will be decreased 
by the size of the joint when the stiffness of the member is computed. 
This command was used to incorporate the comparatively high stiffness of 
the solid diaphragm over each column. 
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Influence coefficients were determined by applying the Muller-Breslau 
principle ( 5) .  For this, the model was modified to include joints along 
the girder at intervals which did not exceed one-tenth of the maximum span 
length. The added joints were needed only to obtain the deflected shape 
of the girder, and they did not influence the results of the analysis. 
Loading Cases Studied 
The loading cases for which the structures were analyzed were dead 
load, live load, live load plus impact, thermal stresses, shrinkage, 
support settlements, and abutment earth pressure. Included in the dead 
load were railings, curbs, overlays, forms left in place, girder weight, 
and the transverse girder diaphragms. The concrete was assumed to weigh 
110 pounds per cubic foot. The H20-44 lan� load and the HS20-44 standard 
truck load from the American Association of State Highway and Transporta­
tion Officials ( AASHTO) specifications ( 6) were used in the live load 
analysis. Dynamic impact effects were taken as 25 percent of the live 
load. Thermal effects were calculated for a uniform temperature increase 
of 35°F and a decrease of 45°F as given by the AASHTO specifications. 
The effects of a temperature gradient of -15°F from the top of the girder 
to the bottom were also calculated. Uniform concrete shrinkage strain of 
0.0008 was assumed ( 7) .  The forces developed by one or both abutments 
� - _, �--
- -
____ - - ---= ""' 
settling one-tenth of a foot were calculated. A derivation of the abut­
ment earth pressure loading case is given in the following section. 
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The loading cases were appl ied individually to the structure and 
combined for analysis as required by Table 1. 2 .22  of the AASHTO specifica­
tions. 
Abutment Earth Pressure Model 
The model for determining the magnitude of the loads transmitted to 
the girder by the abutment was derived from the Rankine earth pressure 
theory. The basic assumptions used to develop the model were that prior 
to significant thermal expansion the abutment was resting against the 
girder, and the soil �ehind the abutment was in an active pressure state. 
When the girder expands, the soil pressure against the abutment increases 
as the pressure state in the soil moves toward the passive pressure condi­
tion. 
These assumptions dictate a constant force applied to the girder due 
to the active soil pressure state and an increasing force caused by the 
expansion of the girder. An estimate of the constant force was arrived 
at by assuming that the backwall of the abutment behaves as a simple beam 
resting against the girder at the location of the expansion device and 
hinged at its lower edge. With the active earth pressure condition 
applied, the reaction at the expansion joint, RA ' was determined by 
summing the moments about the lower edge . 
2 
RA = ½qKAhwl + 
KAYh w2 
6 
( 4 ) 
where w1 is the width of the roadway and w2 is the width of the abutment. 
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The first term on the right-hand side of the equation is the reaction due 
to the surcharge applied by the roadway surface . The second term is the 
reaction due to the active soil pressure. 
The increase in force transmitted to the girder due to expansion of 
the girder was modeled by a horizontal spring with an appropriate stiff­
ness constant. The spring was attached to the girder model at the loca­
tion of the expansion device. A derivation of the stiffness constant 
for the ficticious spring follows. 
As for the active pressure case, the backwall was assumed to behave 
like a simple beam. The reaction at the expansion device was determined 
for the passive earth pressure case in the same way that RA was determined 
above. 
( 5 )  
Kp is the coefficient of passive earth pressure . 
Kp = tan
2 ( 45 + � ) 
A stiffness constant can be defined as the increment of force re­
quired to maintain equalibrium for each unit of displacement; therefore, 
the appropriate stiffness for the horizontal spring is 
K = Rp - RA S dA + dp 
where dA and dp are the displacements at the top of the bach,all which 
are required to develop the full active and passive earth pressures, 
respectively. The displace�ents dA and dp can be expressed in terms of 
the angle of rota ti on of the backwa 11, ex A or exp and the height of the 
backwall. 
( 6 ) 





d = ex h A A 
dp =�h 
Substitution of equations 4, 5, and 7 into the equation 6 gives 
( 7 )  
K = ( Kp - KA) ( 3qw l + hw 2 ) ( 8) 
6 ( °"A + exp ) 
o 3 2 With r/) = 30 , Y= l lO lbs/ft , q = 75 lbs/ft , o<A
= 0. 00125, 
oc
p
= 0. 00750, w1 = 30 ft, w2 = 48. 5 ft, and h 
= 8. 708 ft, the constant 
force is 32. 66 kips by equation 5, and the linear spring constant is 
225. 2 kips/inch by equation 8. The rotations o<A and o<:P are for cohe­
sionless soil of medium density (1) .  
A uniform temperature increase of 70°F \'las applied to the structure 
to determine the maximum abutment earth pressure loads acting on the 
girder. The active earth pressure condition was assumed to be present 
when the girder was nearly at its minimum length which occurs when the 
temperature decrease of 45°F is acting on the girder. Any expansion 
beyond the minimum length causes an increase in the soil pressure. 
The maximum girder length occurs when the 35°F temperature increase is 
acting on the girder. Thus, the total increase in temperature beyond 
the point where the increase in earth pressure begins is roughly 70°F. 
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RESULTS AND DISCUSSION 
Resul ts of the Inspections 
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Estimated rotations and horizontal transl ations at each abutment are 
shown in Tabl e 5. In order to establish the original distance between the 
abutment backwal l and the end of the girder, dimension A \'tas assumed to 
equal the sum of dimensions B and C at the time of construction. ( A, B, 
and C are shown in the diagram of Table 2. ) This assumes that the expan­
sion shoes and the abutment backwal l were original ly  pl umb. If this 
assumption is adopted, the transl ation (Xt ) can be cal cul ated as fol l ows : 
Xt = ( B  + C )  - A. 
A negative val ue of Xt indicates an apparent transl ation of the 
abutment toward the girder. A negative rotation indicates tha t the top 
of the abutment is l eaning away from the girder. 
The maximum transl ation was -3. 2 inches, the minimum transl ation was 
-0.6  inches. The mean transl ation was -1. 94 inches with a standard de­
viation of 0.78 inches. The abutment rotations ranged between -0.0326 
radians and +0. 0208 radians with an average and standard deviation of 
-0. 0018 radians and 0. 0127 radians respectively. 
When viewing the resul ts of the abutment transl ation and rotation 
the fol l owing points shoul d be noted. The amount of abutment transl ation 
or rotation towards the girder is l imited by either the opening in the 
expansion device, or the distance from the abutment backwal l to the end 
of the concrete curb on the bridge at the time of construction. For a 
temperature of 70 degrees fahrenheit the design openning at the expansion 
Table 5 Estimated Abutment Translation and Rotation 
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device was two inches. In almost every case either the expansion device 
was ful l y  cl osed or, in cases where the fingers in the expansion device 
had been cut, the end of the concrete curb was resting against the back­
wal l . It shoul d al so be noted when viewing the val ues of the rotations 
that the error due to construction tol erances and measurement methods 
is estimated to be ± 0.005 radians. An angl e of 0. 005 radians is about 
0.25 inches offset from vertical in four feet. 
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A search for l inear association was carried out between the transl a­
tion and the average dail y traffic 1; the transl ation and the rotation; 
and the transl ation at abutment number 1, and the transl ation at abutr.ient 
number 5. Of these, only the l ast showed notabl e correl ation. A corre­
l ation coefficient of 0.73, significant at the 1. 0% l evel based on a sam­
ple of size 13 , was obtained between the transl ation at abutments 1 and 5. 
This indicates that l arger than average transl ations at abutment 1 tend 
to be associated with l arger than average transl ations at abutment 5. The 
correl ations were essential l y  zero for the other parameters tested. 
Similarly for the rotation data, l inear association was sought be­
tween the rotation and the average dail y traffic; the rotation at abut­
ment 1 and abutment 5 ;  and, as noted above, between the rotation and the 
transl ation at an abutment. The resul ts showed essential l y  zero correl a­
tion except between the rotation at abutment 1 and abutment 5 where a 
correl ation coefficient of 0.76 was cal cul ated. It shoul d be noted that 
al though the correlation between the rotation at abutment 1 and the rota­
tion at abutment 5 is nearly equal to the correl ation between the 
1 Traffic information was suppl ied by the SOOOT. 
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translation at abutment 1 and the translation at abutment 5 ,  translations 
show almost zero correlation with rotations at a given abutment . 
An inspection of Table 5 reveals that in every case the translation 
of the abutment appears to be towards the girder. Also, there is no 
apparent tendency for the rotation to be toward or away from the girder. 
The rotational behavior of the abutments is probably explained by soil 
conditions which vary from bridge to bridge and by the interferences be­
tween the girder and the abutment as the abutment movement occurs. 
The number of cracks found in an individual girder ranged from a 
minimum of 1 1  to a maximum of 26. The average number of cracks was 17. 9 
and the standard deviation was 4. 03. Of the cracks at the abutments, 79 
percent were located in the construction joints between the web and the 
upper or lower flanges of the girder. Of the cracks at the interior 
bents, only 14 percent were located at the intersection between the web 
and the flanges. This suggests that the cause of the cracking at the 
abutments is not necessarily related to the cause of the cracking at the 
interior bents. No linear association was found between the cracking 
and the average daily traffic. 
All of the structures inspected exhibit diagonal tension cracks ad­
jacent to supports. Such cracks are expected and they appear to be well 
controlled by the design shear reinforcement. 
No linear association was found between the estimated reduction in 
passive soil pressure given in Table 4 and the abutment translation. 
The elevation data was utilized as follows. The assumption was 
made that the present elevation at the center pier is equal to the design 
elevation at that point. Present el evations at the remaining supports 
were computed from the data and compared to the design el evations. The 
estimated differential settl ements at the bridges for which el evation 
data were taken can be found in Tabl e 6. This approach assumes al so 
that each bridge was buil t to the design vertical curve shown on the 
construction drawings. The actual settlements cannot be verified 
because it is not known how cl osel y each bridge was buil t to its design 
vertical curve; however, the information in Tab le  6 does suggest that 
significant rel ative settlements have occurred at several of the abut­
ments. 
Comments from Visual Observations 
The observation was made at several of the bridges, especial l y  
at the ends of the girders, that segration of the aggregates in the 
concrete had occurred at the time of pouring. In l ightweight concrete, 
segregation is commonly the resul t of excessive water content in the 
mix because the l ightweight aggregates wil l tend to fl oat on the water­
cement paste ( 8) .  Control of the water content in l ightweight concrete 
is an inherent difficul ty due to the high absorptive capacity of l ight­
weight aggregates ( 7) .  Excess water in concrete is detrimental 
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since it reduces strength and increases the potential for drying shrink­
age (9) . 
As noted earl ier, 79 percent of the cracks at the ends of the girders 
have occurred in the construction joints between the pours for the web 
and the top and bottom fl anges. A factor which has promoted this cracking 
is drainage water from the bridge deck which fl ows through the expansion. 
--- . - . 
- - -
Table 6 Esti mated Differential Settlements at Abutments and Bents. 
I Bri<!ge No . Abut No . 1 Bent No . 2 Bent No. 3 Bent No . 4 Abut No . 5 f t .  ( in . ) f t .  ( in . ) . f t . ( fo . ) f t .  (in . )  ft . ( in . ) 
50 180 189 +0.01 (➔ O.l) -
I 
*�" +o� os c+1:o) r+o.03 c+o.4) I 
I 
50 178 1 90* ·-0.05 (-0.6) o.o *',( �0.01 (+0.1) 1 -0 . 09 (-1.1) 
· 4 2  066 006 -0.09 (-1 . 1) +0.03 (+0.4) ** +0. 02 (+0.2) ; +0 . 08 (+1 . 0) 
42 067 006 -0.14 (-1.7) -0.03 (-0.4) ** 0.0 -0.t17 (-0. 8)  
42 065 141 +0.04 (+0.5) -0.01 (-0.1) ** +O. 01 (+0.1) +0.07 (+0.8) 
6L1 07 0 287* +0.01 (+0.1) +0 . 02 (+0.2) ** 0.0 +0. 03 (+0.4) 
64 100 315* -0.40 (-4.8) -0.07 (-0.8) ** -0.03 (-0.4) -0.32 (-3.8) 
64 115 330* -0 . 24 (-2.9) -0.05 (-0. 6) **  -·0.09 (-1.1) -0.18 (-2 . 2) 
I 611 149  3 67* 1 -0 . 20 (-3. 5) 1 -0.03 (-0 . 4) 
I 
*-i: -0. 03 (-0.4) -0. 16 (-1.9 ) 
�--
*Level d a ta taken i n  inspections of Augus t  7. All other level information 
obtained from the Depar tment of Transportat ion . 





device, down the end of the girder, and into the construction joints. 
When freezing occurs, cracking results. This explanation is also con­
sistent with the lower incidence of construction joint cracking at the 
interior bents. Drainage from the bridge deck is channelled to the ends 
of the girder; whereas, the sides of the girder are shielded by the upper 
flange which extends three feet beyond the sides of the girder. 
Results of the Abutment Analysis 
The computer models and loadings of the abutment were input and run 
using the plane frame portion of the STRUDL Program. The primary interest 
was in the displacements obtained from this program. The results at joint 
3 of the model are given in Table 7. Displacements are positive with re­
spect to the coordinate axis shown in Figure 7. Rotations are positive 
counterclockwise. A plot of the results when the piling are assumed 
rigidly connected to the abutment are presented in Figure 9. 
The results at joint 3 were selected for two reasons. First, the 
horizontal movement of the joint corresponds to the horizontal movement 
of the abutment measured in the field; second, it was expected and sub­
stantiated in the analysis that the abutment acts essentially as a rigid 
body. Thus, joints 2, 3, and 5 have equal horizontal displacements, and 
joints 2, 3, 5, and 6 have equal rotations. The horizontal displacement 
of joint 6 can be calculated by utilizing the horizontal displacement of 
joint 3, the rotation of joint 3, and the length of the member between 
joints 5 and 6. 
The observation has been made regarding Table 5 that all of the abut­
ments appear to have translated toward the girder. The results of the 
abutment analysis given in Table 7 are in agreement with the observed 
behavior only when the passive earth pressure at the toe of the abut­
ment is neglected. This conclusion is supported by the fact that no 
linear association was found between the amount of erosion and the 
translation at the abutment. It is suspected that the horizontal por­
tion of the berm at the toe of the abutment does not extend far enough 
from the toe to develop significant passive pressure. 
The assumption was made that at some depth below the abutment the 
piling achieved a fixed end condition. This assumption yielded results 
which were in agreement with the observed abutment movements as the 
assumed depth approached 40 feet. 
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One cannot place a great deal of confidence in the numerical 
results obtained from the assumed pinned connection between the piling 
and the abutment because the problem becomes extremely nonlinear under 
this assumption. However, the results obtained do indicate the general 
nature of the deflections the abutment would undergo under the assumed 
hinge condition. 
McNulty ( 10) suggested that 12 inch diameter timber piles shoul d 
be embedded about two feet into the concrete cap to insure a practically 
rigid connection. The piling for the abutments were embedded about one 
foot ; therefore, a considerable degree of fixation between the piling 
and the abutment is probably achieved. The results in Table 7 are in 
agreement with this conclusion. 
The abutment analysis indicates that the movement which the abutments 
have undergone could reasonably be expected from the geometric configura­
tion of the abutment design. The results do not indicate that unusual 
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soil conditions are present which could be affecting the column 
footings. 
Results of the Structural Analysis of the Girder 
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Shearing forces were computed for sections located at a distance 
equal to the depth of the rrember away from each support face as allowed 
by the AASHTO code. Bending moments were computed for sections at each 
face of the interior supports. The locations of the sections which were 
analyzed can be seen in Figure 10. Positive moment regions of the girder 
were not analyzed because no cracks of concern were observed in those 
regions. 
Table 8 sull1llarizes the results of the shear calculations. A posi­
tive sign indicates an upward vertical resultant to the left of the 
section. The moment calculations are summarized in Table 9. The moments 
at sections H, I, J, and K were used only for determining shear capacities 
at those sections; therefore, the live load moments were due to the live 
loads which caused the maximum shearing forces. A positive moment is 
one which causes tension at the bottom face of the girder. 
The effects of the abutments settling one-tenth of a foot were 
determined in the analysis but these effects were not included in the 
analysis of the results. J ustification for ignoring settlement effects 
stems from the fact that the magnitudes of the settlements cannot be 
firmly established. It is possible that settlements are a factor in the 
cracking; however, a study by Moulton and Kula (11) suggests that abut­
ment settlements of three inches or more could occur without causing sig­
nificant damage to the bridge. In that study, damage is considered 
I
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to be significant if the structural integrity, appearance, or rideability 
is impaired. 
A surrmary of the results of the abutment earth pressure analysis can 
be found in Table 10. The effects of the abutment earth pressures were 
determined to be relatively minor. As can be seen from Table 10, the in­
terior spans are practically unaffected by the earth pressure loading. 
It is noted that in the interior spans the earth pressure effects tend 
to reduce the stresses due to the critical loading combination. The maxi­
mum forces transmitted through the expansion joints are estimated to be 
150 kips and 200 kips for the 293 foot and 365 foot structures, re­
spectively. The compressive stresses in the concrete of the girder due 
to these forces would not be significant. 
The results of the analysis of the loading combinations are summar­
ized in Table 1 1. The allowable shear and moment calculations were based 
upon the allowable stress approach (6) ( 12) . Each of the allowable values 
in Table 1 1  includes the appropriate stress increase allowed by the AASHT0 
specifications for the associated loading combination. Three AASHT0 
loading combinations provided the critical loading cases for the analysis 
(6).  Loading Group I consists of the dead load, the live load configura­
tion which causes the maximum stress at the location being analyzed, and 
the impact effects of the live load. Group IV  loading includes Group I 
plus shrinkage and temperature effects. Finally, Group V loading includes 
the dead load, 0.75 times the earth pressure load, temperature effects, 
and shrinkage effects. 1 
1only those loads which are significant to this analysis have been listed 
here. 
Table 10 Results of the Abutment Earth Pressure Analysis 
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Loading Group I provided the critical case f0r s hear at sections H, I, 
and J, and Group IV was the critical case for section K. Loading Group 
IV provided the critical case for moment at sections L and N, but the 
critical moment at section M is a positive moment occurring under Group 
V loading. 
The right-most column of Table 11 lists the ratios of the maximum 
forces or moments to the allowable forces or moments. Inspection of 
this column shows that the only ratios greater than one are at section 
L of the 365 foot structure and sections L and M in the 293 foot struc­
ture. The major contribution to the moments at these sections, aside 
from the dead loads, is concrete shrinkage. The effects of axial ten­
sion have not been included in the moment calculations, but they would 
reduce the moment capacity at sections M and tl. The allowable shear 
at K has been adjusted as outlined in the AASHTO specifications for the 
axial tension which would be acting as a result of shrinkage and thermal 
strains. 
In suIT111ary three points should be noted. First, it is clear from 
the results presented that the shrinkage of the concrete has resulted in 
significant forces that would certainly contribute to the cracking that 
was observed in the inspections. Second, there exists the possibility 
of significant settlements which, if they have occurred, again have caused 
significant forces to develop, particularly at the interior bents. The 
third point is that the abutments resting against the girder are not 
likely to cause loads of sufficient magnitude to adversely affect the 
performance of the bridges. 
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CONCLUS I ONS 
Based on the analysis that was carried out, the girder design appears 
to have been adequate to carry most of the design loads . The exception 
is the stress induced by concrete shrinkage which causes overstress from 
an allO\·Jable stress viewpoint. The loading transferred to the girder by 
the abutment when the abutment rests against the girder does not lead to 
forces that should affect the service life of the structure. 
The cracks observed at the interior bents are considered to be caused 
by the combination of the shear, flexural, and shrinkage stresses that 
occur at these locations. Shrinkage contributes in two ways . First, the 
shrinkage in the girders causes significant moments to occur at these 
locations. Second, shrinkage in the large diaphragm at each bent causes 
strain that would further contribute to the cracking . 
If differential settlements greater than t\'IO inches have occurred on 
bridges 64 100 315, 64 115 330, and 64 149 367 as indicated by the data 
in Table 6, these bridges are certainly overstressed from an allowable 
standpoint. Settlement of an abutment would cause an increase in the 
negative moment and the shear at the adjacent interior bent. The exist­
ence of the settlements cannot be confirmed or rejected; however, in­
spection of the tabulated crack data does not indicate the the structures 
that have had these supposed settlements show a greater tendency toward 
cracking. 
When considering either the shrinkage effects, which are significant , 
or the existence of settlements, again significant , one should keep in 
mind that either of these loadings probably accumulated on the structures 
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within the first five years after they were constructed ( 8) .  This means 
that these structures have carried traffic with these effects for at 
least fifteen years. 
The horizontal cracks at the abutments at the approximate locations 
that the web attaches to the upper and lower flanges are not primarily 
caused by a stress condition. As noted previously, the two primary fac­
fors contributing to this cracking were the workmanship at the time these 
structures were built and the subsequent infiltration of drainage water 
fror., the structure along the construction joint. Freeze-thaw has helped 
to extend these cracks. The crack at the abutment at the mid-depth of 
the girder which passes horizontally through the diaphragm is considered 
to be a continuation of a diagonal shear crack and is helped to occur 
by the presence of shrinkage in the end diaphragm of the girder. 
The abutment translations that have occurred are not contributing 
significantly to the cracking in the girder. The translation of the abut­
ment is apparently the result of the way it was designed. In addition, 
the passive soil pressure is not adequate to stabilize the active soil 
pressure component. It is apparent that as frequently as these movements 
were observed, they cannot be explained by the occurrence of a local un­
usual situation. 
It is not expected that the cracks or the conditions uncovered in 
this investiagtion will have a serious detrimental effect on the service 
life of these structures. A possible exception is if there is signifi­
cant reinforcing steel corrosion in progress, particularly in the horizon­
tal cracks that have occurred along the construction joint at the abut­
ments. From the data taken it is not possible to tell how advanced the 
corrosion is . The structure could tolerate a significant amount of cor­





A systematic method of monitoring the cracks might be useful for 
verifying the causes which have been proposed in this paper and for con­
tinuously assessing the structural integrity of the bridges. 
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The field observations which were performed for this study \'1ere the 
first attempts at quantifying and categorizing the cracks, but the method 
of recording the observed cracks by sketching is subject to the interpre­
tation of the observer . By selecting a small number of bridges for in­
tensive, periodic observations, small changes in the cracks could be de­
tected. The locations, widths, and lengths of cracks as they appear on 
the sides of the girder could be measured and recorded. Placing a mark 
at the end of a crack would verify either the growth or the stability of 
the crack upon later observation. 
The possibility that the cracking resulted from support movements 
was not coripl ete ly investigated by the 1'1'ri ter because of the absence of  
related data. Precise measurements taken periodically which establish the 
vertical and horizontal position of each support could be used to deter­
mine whether or not the supports are moving. The degree to which the 
cracking is related to the support movements could then be tested by 
coupling the crack measurement data with the support movement data. 
Analysis 
The effects of concrete creep were not considered in the model, 
and these effects would have a significant effect on the structure (13) .  
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Several methods of creep analysis have been derived which cbuld be applied 
to this situation (14) (15 ) .  
Torsional loads were not considered in the model even though such 
loads could have contributed to the cracking. Torsional loads were pro­
bably not a primary cause of the observed cracks due to the torsional 
strength of the deep , multiple cell construction of the girder. However, 
the determination of the torsionally induced stresses in multiple cell 
reinforced concrete box girders is a problem \'AJrthy of study (16 )  (17 ) .  
A finite element (18) (19) study of the abutment-soil interaction 
would be useful for verifying the design of the abutment. A far nore re­
fined model than the frame analysis used in this study could be assembled 
using finite elements. Several finite element programs are available (18) , 
including the finite element portion of the STRUDL program ( 20 ) ,  which 
have the capabilities required by this problem. 
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